1. Introduction {#sec1-sensors-20-00944}
===============

Objects whose mirror images cannot be superimposed are named chiral, with our hands being the most universal example. This geometrical handedness, called chirality, is ubiquitous in nature and plays a key role in the chemical and biological activity of molecules. Opposite mirror images of a chiral molecule that share the same stoichiometric molecular formula are known as enantiomers, being divided into left- (L) and right-handedness (R), respectively. Discrimination of enantiomers is critical in biology and pharmaceutics, where L and R enantiomers may be two separate drugs with different metabolic profiles and affinities for receptors or enzymes \[[@B1-sensors-20-00944],[@B2-sensors-20-00944]\]. The therapeutic effects of a chiral drug are often associated with a single enantiomer whereas the other is inactive and/or contributes to undesirable effects \[[@B1-sensors-20-00944],[@B2-sensors-20-00944],[@B3-sensors-20-00944],[@B4-sensors-20-00944],[@B5-sensors-20-00944],[@B6-sensors-20-00944]\]. Thalidomide is one of the most notorious examples, as its L enantiomer produced the teratogenic side effects responsible for limb malformations in the late 1950s \[[@B7-sensors-20-00944],[@B8-sensors-20-00944],[@B9-sensors-20-00944]\]. Furthermore, toxicity due to proteins with wrong chirality is believed to be one of the underlying causes of diseases such as Alzheimer's, Parkinson's, Huntington's, and type II diabetes \[[@B10-sensors-20-00944]\]. Since opposite enantiomers are identical in their chemical composition and scalar physical properties, separation techniques must rely on their interaction with other chiral objects. Circularly polarized light (CPL), divided into left- (LCP) and right-hand polarizations (RCP), is routinely used to discriminate molecular chirality as an alternative to the use of other chiral samples that may introduce unwanted side products. However, due to the mismatch between the molecules sizes and the wavelength of the incident CPL, chiral molecules typically exhibit very weak circular dichroism (CD), of the order of tens of millidegrees in the ultraviolet region \[[@B11-sensors-20-00944]\], restricting its application to large sample volumes or large molecules.

Plasmonic platforms, with the unique ability to confine and manipulate light through the resonant coupling of light to collective oscillations of free electrons in metals, are promising for enhancing the chiroptical response \[[@B12-sensors-20-00944],[@B13-sensors-20-00944],[@B14-sensors-20-00944],[@B15-sensors-20-00944],[@B16-sensors-20-00944],[@B17-sensors-20-00944],[@B18-sensors-20-00944],[@B19-sensors-20-00944],[@B20-sensors-20-00944],[@B21-sensors-20-00944],[@B22-sensors-20-00944],[@B23-sensors-20-00944],[@B24-sensors-20-00944]\]. In particular, geometrically chiral plasmonic structures have been used to tailor and tune the far- and near-field chiroptical responses \[[@B25-sensors-20-00944],[@B26-sensors-20-00944],[@B27-sensors-20-00944],[@B28-sensors-20-00944],[@B29-sensors-20-00944],[@B30-sensors-20-00944],[@B31-sensors-20-00944],[@B32-sensors-20-00944],[@B33-sensors-20-00944],[@B34-sensors-20-00944],[@B35-sensors-20-00944],[@B36-sensors-20-00944],[@B37-sensors-20-00944]\]. The interaction of plasmonic enhanced chiral near-field with a chiral molecule is favorable to optimize the selective light absorption by the molecule, which in turn optimizes the corresponding CD signal \[[@B38-sensors-20-00944],[@B39-sensors-20-00944],[@B40-sensors-20-00944],[@B41-sensors-20-00944],[@B42-sensors-20-00944]\]. We review here the recent trends in chiral plasmonic systems for enantioselective probing of biomolecules, with emphasis on the limitations of the systems reported so far. In addition, an outlook is presented of the application of chiral plasmonics for point-of-care biosensing applications.

2. Plasmonics for Enhanced Chiroptical Effects {#sec2-sensors-20-00944}
==============================================

The electric, $\widetilde{\mathbf{p}}$, and magnetic, $\widetilde{\mathbf{m}}$, dipolar moments, generated by a chiral molecule upon illumination with a monochromatic, time-harmonic and low-intensity electromagnetic field, are described by $$\begin{array}{r}
{\widetilde{\mathbf{p}} = \widetilde{\alpha}\mathbf{Ẽ} - i\widetilde{G}\widetilde{\mathbf{B}},} \\
\end{array}$$ $$\begin{array}{r}
{\widetilde{\mathbf{m}} = \widetilde{\chi}\widetilde{\mathbf{B}} + i\widetilde{G}\mathbf{Ẽ},} \\
\end{array}$$ where $\widetilde{\alpha}$, $\widetilde{\chi}$, and $\widetilde{G}$, are the complex electric polarizability, magnetic susceptibility and the mixed electric-magnetic dipole polarizability, respectively. **Ẽ** and $\widetilde{\mathbf{B}}$ are the complex local electric and magnetic fields at the molecule \[[@B43-sensors-20-00944]\]. The absorption of light by the molecule can be described by \[[@B44-sensors-20-00944]\] $$A^{\pm} = \left\langle {\mathbf{E} \cdot \mathbf{p} + \mathbf{B} \cdot \mathbf{m}} \right\rangle = \frac{\omega}{2}\left( {\alpha^{''}\left| \mathbf{Ẽ} \right|^{2} + \chi^{''}\left| \widetilde{\mathbf{B}} \right|^{2}} \right) \mp \frac{2}{\varepsilon_{0}}G^{''}C,$$ for RCP (+) and LCP (−) polarizations. The symbol " stands for the imaginary part of complex quantities and *C* denotes the chiral density - the degree of chiral asymmetry in the absorption of a molecule - defined by \[[@B45-sensors-20-00944]\] $$C = \frac{\varepsilon_{0}}{2}\mathbf{E} \cdot \left( {\nabla \times \mathbf{E}} \right) + \frac{1}{2\mu_{0}}\mathbf{B} \cdot \left( {\nabla \times \mathbf{B}} \right) = - \frac{\omega\varepsilon_{0}}{2}{Im}\left( {{\widetilde{\mathbf{E}}}^{\ast} \cdot \widetilde{\mathbf{B}}} \right),$$ where $\varepsilon_{0}$ and $\mu_{0}$ are the permittivity and permeability of free space, respectively. From Equation ([3](#FD3-sensors-20-00944){ref-type="disp-formula"}) one notes that $CD \sim \left( {A^{+} - A^{-}} \right) = - \frac{4}{\varepsilon_{0}}G^{''}C$, the differential absorption of light depends on the chirality of matter ($G^{''}$) and the chirality of the local electromagnetic field (*C*). The chiral density of CPL in a vacuum reaches the maximum value $C_{CPL}^{\pm} = \pm \frac{\omega\varepsilon_{0}}{2c}\left| \mathbf{E} \right|^{2}$ \[[@B19-sensors-20-00944]\], where $\mathbf{E}$ is the electric field amplitude of the incident CPL. Therefore, engineering resonant structures with localized, enhanced electromagnetic near-fields will produce spatially averaged enhancements of C, which in turn enhances the corresponding CD signal, CD/CD${}_{CPL}$ = $C/C_{CPL} = \hat{C}$. It is in this context that the unique ability of plasmonics can be successfully exploited. In this section, we will discuss some of the ways to design and develop chiral plasmonic structures to tailor and tune the localization and enhancement of chiral near-fields. The most common design philosophy uses the spatial symmetry breaking to control the near-field coupling of the elements of the nanostructures \[[@B19-sensors-20-00944]\].

Chiral plasmonic nanostructures are advantageous due to the strongly localized electromagnetic fields, with which they can support chiral eigenmodes, i.e., the near-fields of the eigenmodes are chiral \[[@B19-sensors-20-00944]\]. Importantly, these eigenmodes can be excited by achiral linearly polarized plane waves, as depicted in [Figure 1](#sensors-20-00944-f001){ref-type="fig"}a, which may reduce the parameters to be controlled for experimental reliable designs. The near-field coupling of neighboring scatterers produces a collective chiral behavior, with high optical chirality over an extended region inside the helical structure, as shown in [Figure 1](#sensors-20-00944-f001){ref-type="fig"}b. Despite the advantages of this type of chiral plasmonic structure, setting nanoparticles at customized regions for high chiral interactions constitutes a major hurdle for practical biosensing applications. A recent approach to circumvent this latter issue is the use of plasmonic chiral metasurfaces \[[@B46-sensors-20-00944],[@B47-sensors-20-00944],[@B48-sensors-20-00944],[@B49-sensors-20-00944],[@B50-sensors-20-00944],[@B51-sensors-20-00944],[@B52-sensors-20-00944],[@B53-sensors-20-00944],[@B54-sensors-20-00944]\], where several 2D plasmonic arrays with symmetry broken along the third dimension have been developed. These metasurfaces have their chiral plasmonic near-fields directly accessible to nearby molecules on the surface. [Figure 2](#sensors-20-00944-f002){ref-type="fig"}a shows the schematics of a ramp-shaped plasmonic nanostructure. Metasurfaces comprised of a 2D periodic array of these gradient depth unit-cells were produced in Reference \[[@B49-sensors-20-00944]\] using the focused ion beam (FIB) method. Plasmonic resonances were characterized for these nanostructures under LCP and RCP incident light, with high dissymmetries in the reflection spectra at the incident wavelengths $\lambda = 605$ nm and $\lambda = 655$ nm. This chiroptical effect was explained in terms of the asymmetry in the corresponding near-fields for both polarizations, as clearly noted from [Figure 2](#sensors-20-00944-f002){ref-type="fig"}b--e. For $\lambda = 825$ nm no differences were observed in the reflection spectra for RCP and LCP, as expected from the near-field maps in [Figure 2](#sensors-20-00944-f002){ref-type="fig"}f--g.

The main limitation of a geometry-focused approach for chiral plasmonics is that the functionality cannot be easily manipulated post-fabrication. This drawback has motivated research work to fabricate plasmonic nanostructures whose chiroptical properties can be manipulated \[[@B55-sensors-20-00944],[@B56-sensors-20-00944],[@B57-sensors-20-00944],[@B58-sensors-20-00944],[@B59-sensors-20-00944],[@B60-sensors-20-00944],[@B61-sensors-20-00944],[@B62-sensors-20-00944],[@B63-sensors-20-00944]\]. [Figure 3](#sensors-20-00944-f003){ref-type="fig"} shows the calculated near-field chiral density ($\hat{C}$) for a shuriken-shaped nanostructure \[[@B57-sensors-20-00944]\]. Calculations were performed to show the corresponding chiral electromagnetic near-fields under linearly and circularly polarized incident light. The high sensitivity of plasmonic resonances to small changes in the properties of the surrounding dielectric media can also be exploited for external control of these chiral density maps \[[@B57-sensors-20-00944]\]. Although this mechanism for the control of chiroptical interaction can open new avenues for applications, the need to use chiral dielectric surrounding media may induce undesirable interaction with bioanalytes for biosensing. Other approaches to exploit plasmonic abilities for enhanced chiroptical effects include the use of achiral nanostructures \[[@B64-sensors-20-00944],[@B65-sensors-20-00944],[@B66-sensors-20-00944]\] to avoid noise signals. When excited with chiral incident fields, the corresponding plasmonic resonances exhibit enhanced chiral near-fields localized around the surface of these nanostructures. As in the case of localized surface plasmon resonances used in biosensing, these chiral near fields can have enhanced interactions with chiral bioanalytes attached to the nanoparticles. Limitations of this approach are mainly associated with the need for knowing the chiral handedness of the bioanalytes under study a priori.

In this review paper, we shall discuss the enhancement of chirality of the local, near-field, electromagnetic field using plasmonic nanostructures. For nanoparticles, CD signals are calculated using the corresponding extinction cross-sections, $Q_{ext}$, defined as the sum of the absorption ($Q_{abs}$) and scattering ($Q_{scat}$) cross-sections, $Q_{ext} = Q_{abs} + Q_{scat}$, for each circular polarization \[[@B35-sensors-20-00944]\] $${CD} = \tan^{- 1}\left( \frac{Q_{RCP} - Q_{LCP}}{Q_{RCP} + Q_{LCP}} \right).$$ For two-dimensional (2D) periodic arrangements of chiral plasmonic scatterers, named chiral plasmonic metasurfaces, CD signals are obtained using the transmittance/reflectance (*T*/*R*) of light going/coming through/from the structure for each polarization \[[@B35-sensors-20-00944]\] $${CD} = \tan^{- 1}\left( \frac{T_{RCP} - T_{LCP}}{T_{RCP} + T_{LCP}} \right),$$ where $T_{RCP}$ ($R_{RCP}$) and $T_{LCP}$ ($R_{LCP}$) are the transmitted (reflected) power intensities for RCP and LCP incident light.

3. Chiral Plasmonic Nanoparticles {#sec3-sensors-20-00944}
=================================

Plasmonic chiral nanoparticles may be used to control circular polarization states of light, which is of practical interest for chemical and biological research owing to the strong optical interaction of molecules/biomolecules near plasmonic surfaces. The most obvious chiral nanoparticle one can imagine is the 3D nanohelix, described by a helical pitch and a coil diameter. Nanohelices can be grown from a surface stimulated by light to evolve according to the light's handedness. The CD signal can be controlled through the number of helical loops, pitch size and coil diameter, as demonstrated theoretically and experimentally \[[@B19-sensors-20-00944]\]. Significantly, chiral near- and far-fields can be produced in these structures even when excited with linearly polarized light (achiral) \[[@B19-sensors-20-00944],[@B20-sensors-20-00944]\]. Various stimulation processes can be employed to produce these nanohelices \[[@B15-sensors-20-00944]\], including Focused Ion Beam Induced Deposition (FIBID) with which the vertical pitch (the maximum diameter of the nanohelix) starts to increase above 20 keV. Below this threshold, the metallic ring does not grow, leaving Au rings on the surface \[[@B15-sensors-20-00944],[@B67-sensors-20-00944]\]. Focused Electron Beam Induced Deposition (FEBID) has also been used to fabricate nanohelices, where the vertical pitch (VP) decreases at high electron energies because the continuous nucleation (process that assembly the structure) ceases, making the evolution impossible. Using low energies CD signals are limited due to the appearance of secondary structures, because of the high density of the electrons and superposition of the helix loops \[[@B15-sensors-20-00944],[@B67-sensors-20-00944],[@B68-sensors-20-00944]\]. Another important limitation for these plasmonic nanoparticles reaching measurable CD signals is the need for precisely controlled pressure and temperature during growth. For example, the CD signal decreases from 0.3 to negligible values ($\approx 0$) when the temperature for nanoparticle growth increased from 170 K to 300 K \[[@B15-sensors-20-00944]\]. These difficulties have stimulated research on new chiral plasmonic nanoparticles and nanostructures, some of which will be discussed next.

One recent proposal consists of using *L*- or *D*-cysteine (*L*-Cys or *D*-Cys) to transfer their chirality to Au cube-shaped nanoparticles \[[@B69-sensors-20-00944]\]. In this mechanism, *L*-Cys or *D*-Cys is attached to the cube's faces, which in turn acquire an helicoidal shape inverse to the corresponding cysteine's handedness, as shown in [Figure 4](#sensors-20-00944-f004){ref-type="fig"}a. *L* and *D* handedness refer to the Latin words *laevus* (left) and *dexter* (right), which are commonly used in chemical notation. [Figure 4](#sensors-20-00944-f004){ref-type="fig"}b,c show the differential electric ($E_{LCP} - E_{RCP}$) and magnetic ($B_{LCP} - B_{RCP}$) fields under sequentially applied LCP and RCP incident light. [Figure 4](#sensors-20-00944-f004){ref-type="fig"}c displays the corresponding experimental results for the CD signal in red, and the extinction (absorption) coefficient in black \[[@B69-sensors-20-00944]\]. The CD signals using this approach are considerably higher than in previous proposals, but the peaks are wide, leading to a poor resolution.

CD can also be enhanced by combining the high affinity and selectivity of aptamers with largely enhanced electromagnetic near-fields in plasmonic nanoparticles \[[@B70-sensors-20-00944],[@B71-sensors-20-00944],[@B72-sensors-20-00944]\]. The spatially reconfigurable DNA-origami nanofabrication technique is used to provide these aptamer-plasmonic assemblies with a chiroptical response. An example is given in [Figure 5](#sensors-20-00944-f005){ref-type="fig"}a, where a long synthetic DNA strand is used to perform molecular self-folding to crosslink spatially distant segments of a scaffold together. It is analogous to the art of folding and sculpting a flat sheet of paper, referred to as origami. Spatially distributed plasmonic nanoparticles on these building segments are used to control the near- and far-field radiation properties of the plasmonic arrangement. CD signals are produced when the nanoparticles follow a chiral geometry. [Figure 5](#sensors-20-00944-f005){ref-type="fig"}b shows that the CD signal can be tailored by manipulation of the relative orientation of nearby plasmonic nanorods, as depicted in the insets, making this proposal suitable for a wide range of analytes \[[@B71-sensors-20-00944],[@B72-sensors-20-00944]\]. These origami-like structures are versatile in controlling CD peaks, but the intensity of the CD signal is small, thus making it difficult to apply to low analyte concentrations.

Other strategies to control CD signals with only a few parameters or materials include self-assembly techniques and 3D polymer multilayers \[[@B71-sensors-20-00944],[@B72-sensors-20-00944],[@B73-sensors-20-00944],[@B74-sensors-20-00944],[@B75-sensors-20-00944],[@B76-sensors-20-00944],[@B77-sensors-20-00944]\]. Gold nanoparticles deposited in a rotation sequence following a helical structure, analogue to the DNA, can be developed with nanotubes of phenyleneethynylene functionalized by *D*- or *L*-alanine (*D*- or *L*-PE-A) as depicted in [Figure 6](#sensors-20-00944-f006){ref-type="fig"}a \[[@B78-sensors-20-00944]\]. Metallic nanospheres (seeds) are self-assembled on the nanotube's surface in a helix-like structure with a rotation sequence after a proper thermal and chemical treatment. Structures like the one in [Figure 6](#sensors-20-00944-f006){ref-type="fig"}b are produced, displayed in the TEM image in [Figure 6](#sensors-20-00944-f006){ref-type="fig"}c. The corresponding CD signals are shown in [Figure 6](#sensors-20-00944-f006){ref-type="fig"}d, with their absorption spectra in the inset for the *D*-isomer case. An increased number of narrow peaks can be obtained with these systems, but their amplitudes are small and therefore sensing is only possible for large amounts of chiral samples. An analogous structure was already used for detection of amyloid fibrils in Parkinson's disease down to nanomolar concentrations \[[@B79-sensors-20-00944]\].

The chirality of circularly polarized light can be used as a sole chiral source to develop chiral plasmonic nanoparticles \[[@B80-sensors-20-00944]\], as illustrated in the top section of [Figure 7](#sensors-20-00944-f007){ref-type="fig"}a. In this case, plasmon-induced charges separation (PICS) was employed in gold nanocuboids, used as precursors on a semiconducting TiO${}_{2}$ dielectric. CPL irradiation induced localized electric fields at specific corners of the cuboids immersed in a solution of Pb(NO${}_{3}$)${}_{2}$ and AgNO${}_{3}$. The chiral deposition of PbO${}_{2}$ on the corners of the cuboids is possible by the oxidation of Pb${}^{+ 2}$ based on PICS under LCP or RCP irradiation. The electric field hotspots on the nanocuboids depend on the incident light handedness. The chiroptical activity of these nanostructures was confirmed by CD measurements in [Figure 7](#sensors-20-00944-f007){ref-type="fig"}b, where the CD spectra are shown before deposition of the moieties (black line) and after irradiation with RCP (blue line) and LCP (red line). The results for numerical simulations are also shown in [Figure 7](#sensors-20-00944-f007){ref-type="fig"}c for a left-handed nanocuboid with one or two PbO${}_{2}$ moieties, respectively, as indicated by the insets. The SEM images of right-handed (RH), left-handed (LH) and without PbO${}_{2}$ deposition nanocuboids are shown in [Figure 7](#sensors-20-00944-f007){ref-type="fig"}d--f, respectively.

The examples discussed above demonstrate that relatively simple plasmonic nanostructures may offer a way for enantioselective absorption of light. However, they are limited owing to the low CD signals or wide peaks \[[@B78-sensors-20-00944]\]. This has motivated a variety of new studies with top-down and bottom-up strategies to grow nanostructures \[[@B81-sensors-20-00944]\], and fabrication of more complex structures such as chiral plasmonic gammadions, nanospirals, plasmonic oligomers, stereometamaterials, nano-barcodes, nano-ziguezags and nanohooks \[[@B14-sensors-20-00944],[@B82-sensors-20-00944]\]. Since the optimal development of chiral plasmonic structures is still an open field, materials design based on computer simulations may become prominent in the next few years. For instance, one may consider the design of hybrid dielectric-plasmonic platforms to diminish the level of losses. Other approaches may include chiral resonant cavities, where extremely localized chiral near-fields are useful for enantioselective separation and probing of chiral molecules \[[@B83-sensors-20-00944]\].

4. Chiral Plasmonic Metasurfaces {#sec4-sensors-20-00944}
================================

Several challenges must be faced to employ plasmonic chiral nanoparticles in biosensing platforms, as discussed above. An alternative to these nanoparticles is to use chiral plasmonic metamaterials that exhibit intriguing optical phenomena, not found in natural materials, such as optical rotatory dispersion (ORD) and strong circular dichroism (CD). In these systems, the size and separation of building elements must be smaller than the working wavelength to have an effective medium. In the scenario where the metamaterial is made as a film, sufficiently thin to be comparable with the incident wavelength, it can be considered to be a metasurface, i.e., a planar metamaterial that not only allows for the same unusual optical phenomena but may also display strong surface plasmon resonance (SPR) with collective electronic oscillations \[[@B84-sensors-20-00944],[@B85-sensors-20-00944]\]. Taichi-like chiral plasmonic metasurfaces for preferential absorption of RCP or LCP light were developed to work in the infrared region \[[@B86-sensors-20-00944],[@B87-sensors-20-00944]\], where the polarization selectivity of these structures was demonstrated by switching the image contrast of the Taichi logo with changes in the polarization of the incident light (in the resonance wavelength). Merging these plasmonic and chiral features with surface functionalization techniques may open new routes for chiral plasmonic biosensing in the reflection mode.

A relatively simple technique to develop plasmonic metasurfaces is the focused ion beam (FIB) milling process, which uses highly focused ion beams such as Ga${}^{+}$ to locally sputter or mill a sample surface inside a vacuum chamber \[[@B88-sensors-20-00944]\]. [Figure 8](#sensors-20-00944-f008){ref-type="fig"} illustrates four chiral plasmonic metasurfaces made by FIB, with the corresponding SEM images and CD signals shown in the insets. [Figure 8](#sensors-20-00944-f008){ref-type="fig"}a,b show the two opposite handedness mirror images (with respect to the $xz$-plane), named forms A and B, of a slanted split-ring aperture \[[@B89-sensors-20-00944]\]. These structures are easily fabricated by simply tilting the sample substrate relative to the ion beam, as depicted by the angle $\varphi$ between the sample surface normal and the incident direction of the ion beam in [Figure 8](#sensors-20-00944-f008){ref-type="fig"}. Hence, highly uniform slanted nanoapertures with arbitrary shapes can be molded \[[@B89-sensors-20-00944],[@B90-sensors-20-00944],[@B91-sensors-20-00944]\], as shown in [Figure 8](#sensors-20-00944-f008){ref-type="fig"}c,d for slanted L-shape and rectangular nanoapertures, respectively. Transmission along these structures is determined by the strong plasmonic enantioselective chiral near-field flow along the apertures, thus favoring the passage of one of the CPL handedness while reflecting the other one. This phenomenon can be tailored and tuned by varying the tilting angle ($\varphi$), thickness (*h*) of the surface and angle $\alpha$ (for split-ring apertures). Then, it may be exploited for biosensing after proper functionalization of the metallic surface, where transmission through the apertures will suffer changes due to the handedness of the adsorbed molecules \[[@B89-sensors-20-00944]\]. Please note that the CD signal in transmission is measured as the differential transmission after successively applied RCP and LCP incident light \[[@B89-sensors-20-00944],[@B92-sensors-20-00944]\], i.e., ${CDT} = \mathsf{\Delta}T = T_{RCP} - T_{LCP}$.

CD signal enhancement may also be achieved with arrays of hybrid nanohelices \[[@B93-sensors-20-00944]\], chiral plasmonic metasurfaces containing semiconductor colloidal quantum dots (CQDs) \[[@B94-sensors-20-00944]\], N- and V-shaped \[[@B92-sensors-20-00944]\] and multilayers \[[@B59-sensors-20-00944]\]. In the first case, arrays of hybrid helix metamaterials (HHM) are fabricated by coupling uniform (UHM) and tapered (THM) helix metamaterials \[[@B93-sensors-20-00944]\]. This is illustrated in [Figure 9](#sensors-20-00944-f009){ref-type="fig"}a where the nanohelices are left-handed. [Figure 9](#sensors-20-00944-f009){ref-type="fig"}b shows the single cell and its composition, UHM in the bottom and THM in the top, with the same helix wire diameter (WD), length-period (LH) and grid spacing (GS) for both, but different helix diameters (from HD${}_{1}$ to HD${}_{2}$ for THM and HD${}_{2}$ for UHM). The transmittance spectra of HHM, inverted HHM (IHHM) and combination of THM and UHM are shown in [Figure 9](#sensors-20-00944-f009){ref-type="fig"}c,d, for RCP and LCP, respectively. As the optical response for RCP is higher than for LCP (decreases almost to micro scale), this metamaterial has a potential use for polarization filter, represented in [Figure 9](#sensors-20-00944-f009){ref-type="fig"}a, where the left-handed light is filtered.

In [Figure 10](#sensors-20-00944-f010){ref-type="fig"}, chiral plasmonic metasurfaces are used for chiral functionalization of achiral CdSe/ZnS core-shell quantum dots. The metasurface consists of a two-dimensional periodic arrangement of perpendicular nanoslits, as illustrated in [Figure 10](#sensors-20-00944-f010){ref-type="fig"}a. It was fabricated by FIB milling process on a 100 nm thick gold film, with the corresponding unit cell shown in the SEM image in the inset of [Figure 10](#sensors-20-00944-f010){ref-type="fig"}a. In this approach, the absorption and emission processes in CQDs are resonantly coupled with the localized surface plasmon resonance - for enhanced light-matter interaction - in the chiral plasmonic metasurface for CD signal enhancement. The resonance matching between the CQDs and the chiral metasurface is tuned by altering the lattice period of the superlattice. In [Figure 10](#sensors-20-00944-f010){ref-type="fig"}b is shown the photoluminescence spectrum of CdSe/ZnS QDs on a glass substrate with a peak at 623 nm. The corresponding core/shell QD structure is schematically illustrated in the inset. [Figure 10](#sensors-20-00944-f010){ref-type="fig"}c,d show a comparative analysis of the ${CDT} = T_{RCP} - T_{LCP}$ signal with and without CQDs, respectively, for both opposite handedness mirror images of the metasurface (named forms R and L), where a clear CD signal enhancement can be seen \[[@B94-sensors-20-00944]\].

[Figure 11](#sensors-20-00944-f011){ref-type="fig"}a shows the schematics of the experimental setup for measuring the transmission and reflection phase of CPL in a Fabry-Perot resonant cavity. [Figure 11](#sensors-20-00944-f011){ref-type="fig"}b shows the transmission difference CDT through N-shaped, И-shaped, V-shaped and Au film metasurfaces, with N-shaped chiral plasmonic surfaces \[[@B92-sensors-20-00944]\] exhibiting CDT of the order of $10\%$ (higher than the resonantly coupled CQDs). The measurements for N-shaped and И-shaped plasmonic surfaces demonstrated the chiral nature of these geometries. The corresponding SEM images are shown in [Figure 11](#sensors-20-00944-f011){ref-type="fig"}c--e \[[@B92-sensors-20-00944]\].

The example of a multilayer surface \[[@B59-sensors-20-00944]\] is illustrated in [Figure 12](#sensors-20-00944-f012){ref-type="fig"}a with an aperture differing from the split ring already mentioned, but also fabricated with a focused ion beam milling process. In this case, the handedness of the structure is ruled by the bottom layer, where only half-side of the structure continues in the second layer. The SEM images with the side and top view of these structures are shown in [Figure 12](#sensors-20-00944-f012){ref-type="fig"}b,c, respectively. The result is a multilayer structure with the ability to transmit and convert the polarization of the incident light. [Figure 12](#sensors-20-00944-f012){ref-type="fig"}d shows the ratios for the possible combinations of incident/transmitted light (LCP/LCP, RCP/RCP, LCP/RCP and RCP/LCP), on a structure following Form A, which exhibits a high CDT and cross polarization ratio (CPR). The maximum transmission efficiency is found for the converted polarization, i.e., transmitted light has mainly the opposite polarization to the incident one.

Despite very high CD signals from the systems in [Figure 8](#sensors-20-00944-f008){ref-type="fig"}, their associated peaks are broad, thus hampering applications for detection of small analytes or at low concentration levels. On the other hand, narrower peaks in [Figure 10](#sensors-20-00944-f010){ref-type="fig"} and [Figure 11](#sensors-20-00944-f011){ref-type="fig"} make these systems promising for biosensing applications. However, their CD signals are very small. Therefore, more research is needed to find proper systems for this kind of application. Although other approaches, including the use of three-dimensional metamaterials \[[@B95-sensors-20-00944]\], *b*-type bilayer \[[@B96-sensors-20-00944]\] and monolayer \[[@B96-sensors-20-00944]\] metasurfaces and hybrid plasmonic-dielectric metasurfaces \[[@B62-sensors-20-00944],[@B97-sensors-20-00944]\], exhibited a strongly localized electromagnetic near-field, highly desirable for biosensing, they were mainly set for polarization selective near-perfect absorption and quasi-null reflecting devices \[[@B98-sensors-20-00944],[@B99-sensors-20-00944]\].

5. Summary and Outlook {#sec5-sensors-20-00944}
======================

The use of concepts and strategies of chiral plasmonics has been shown promising, despite the limitations discussed in this review paper. Indeed, the recent advances in nanofabrication, numerical modeling and characterization tools, allow us to envisage the merge of chiral plasmonics and microfluidic systems for the development of rapid and precise lab-on-a-chip biosensors, commonly referred to as point-of-care (PoC) devices \[[@B100-sensors-20-00944],[@B101-sensors-20-00944],[@B102-sensors-20-00944],[@B103-sensors-20-00944],[@B104-sensors-20-00944],[@B105-sensors-20-00944],[@B106-sensors-20-00944]\]. Microfluidics alone has also been applied for characterization of biological structures \[[@B107-sensors-20-00944]\], while plasmonic nanostructures may be used in PoC systems to detect ions, antigens, acids and other small molecules \[[@B108-sensors-20-00944],[@B109-sensors-20-00944],[@B110-sensors-20-00944],[@B111-sensors-20-00944],[@B112-sensors-20-00944],[@B113-sensors-20-00944]\]. Brolo et al. discussed the next-generation of biosensing, emphasizing the need for remote data transfer and how plasmonics will be integrated with PoC technology to develop itself in new areas \[[@B114-sensors-20-00944]\]. In [Figure 13](#sensors-20-00944-f013){ref-type="fig"} we illustrate a potential next-generation model of a plasmonic biosensing device integrated with an Internet-of-Things (IoT) system, resulting in a PoC device that can analyze a fluid, e.g., blood, saliva, sweat or urine. For chiral sensing, the analyte will be carried through the microfluidic device and be treated, as illustrated by the route in blue (this is only one of the possibilities). Functionalization of nanoparticles surfaces will be needed for improved specificity. The waste will be discarded at the end of the microfluidic system. A proper washing mechanism must be also included in these platforms to allow for reuse to avoid contamination and reduce costs. After proper light excitation, signal processing should take place on an integrated circuit board, shown in green color. This board must also contain a transducer, illustrated in grey color, to translate the optical to electric response, which may in principle need to be amplified (brown component, a three-stage amplifier). Then, the signal will be transmitted as converted to radiofrequency (RF) signal by the antennas (illustrated by blue rectangular components), allowing a remote or local communication between the biosensor and the electronics that will receive the RF signal for real-time data processing and monitoring \[[@B115-sensors-20-00944],[@B116-sensors-20-00944],[@B117-sensors-20-00944]\]. When huge amounts of data are collected in e-Health servers through IoT integration \[[@B118-sensors-20-00944]\], artificial intelligence (AI) and big-data technologies \[[@B119-sensors-20-00944],[@B120-sensors-20-00944]\] are expected to help in the development of faster, efficient, and improved systems that may apply to diseases such as Parkinson's and Alzheimer's diseases \[[@B121-sensors-20-00944],[@B122-sensors-20-00944]\].

The generic platform in [Figure 13](#sensors-20-00944-f013){ref-type="fig"} may be applied beyond chiral plasmonics, being a possible ingredient in a new healthcare paradigm where diagnostics and treatment are expected to be individualized, with continuous monitoring of patients' health \[[@B123-sensors-20-00944],[@B124-sensors-20-00944],[@B125-sensors-20-00944],[@B126-sensors-20-00944],[@B127-sensors-20-00944],[@B128-sensors-20-00944],[@B129-sensors-20-00944],[@B130-sensors-20-00944]\]. In this approach, an active participation of the patient for disease management is expected via wearable and/or handheld devices, for self-assessment through information sharing with peer groups and specialized medical centers, thus reducing costs of regional and global healthcare systems \[[@B121-sensors-20-00944],[@B122-sensors-20-00944]\]. Recent proposals in this direction have been used in pharmacology to probe patient's reaction after administering medicines \[[@B131-sensors-20-00944]\]. One of the major objectives in PoC devices is their integration with telecommunications for remote analysis and diagnostics, where the Internet-of-Things (IoT), i.e., the connection of any physical object to the Internet, and big-data analysis are envisaged for future diagnosis and treatments \[[@B132-sensors-20-00944],[@B133-sensors-20-00944],[@B134-sensors-20-00944],[@B135-sensors-20-00944]\]. The associated risks of this technology and regulations needed for an efficient, fair working paradigm are also being considered \[[@B100-sensors-20-00944],[@B101-sensors-20-00944],[@B102-sensors-20-00944]\].
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![(**a**) Schematics of a plasmonic helix with a pitch of 100 nm and a diameter of 60 nm for the excitation of enhanced chiral near-fields. Due to the chiral geometry of the helix, the chiral density can be excited even from incident linearly polarized fields, as depicted. (**b**) Slice plots confirming the enhanced chiral density in the interior region of the helix due to the excitation of plasmonic resonances. The results shown are for an incident wavelength $\lambda = 1630$ nm. Reproduced with permission from ref. \[[@B19-sensors-20-00944]\]. Copyright 2014 American Chemical Society.](sensors-20-00944-g001){#sensors-20-00944-f001}

![(**a**) Illustration of a single ramp-shaped chiral plasmonic nanostructure and its geometrical parameters. (**b**)--(**g**) The near-field maps at the three major resonances of the structure: 605 nm; 655 nm; and 825 nm for LCP and RCP incident light. Calculations were performed for a 2D periodic array of ramp-shaped structures, with $r = w = 100$ nm, $t = 200$ nm and a period length of $p = 600$ nm. Results for the electric field amplitude are normalized to $E_{0} = 1.76 \times 10^{9}$. Reproduced with permission from ref. \[[@B49-sensors-20-00944]\]. Copyright 2019 American Chemical Society.](sensors-20-00944-g002){#sensors-20-00944-f002}

![Calculated chiral density near-field maps for a shuriken-shaped structure in water for (**a**)--(**c**) left-handed (LH) and (**d**)--(**f**) right-handed (RH) geometries. Results are presented for LCP, RCP, and linearly polarized incident light. Reproduced with permission from ref. \[[@B57-sensors-20-00944]\]. Copyright 2018 American Chemical Society.](sensors-20-00944-g003){#sensors-20-00944-f003}

![(**a**) Different three-dimensional perspectives (left) and SEM images (right) of a chiral plasmonic nanoparticle evolved from an octahedral seed. (**b**) Differential electric (*E*) and (**c**) magnetic *B* near-fields after successive illumination with LCP and RCP incident light. (**d**) Experimental results for CD (red) and extinction (black) spectra. Reproduced with permission from ref. \[[@B69-sensors-20-00944]\]. Copyright 2018 Springer Nature.](sensors-20-00944-g004){#sensors-20-00944-f004}

![(**a**) A DNA-origami system with a bilayer composed of Au nanorods attached to aptamers (biorecognition elements). (**b**) CD spectra in orthogonal (blue line) and non-orthogonal (red line) configurations are presented. Reproduced with permission from ref. \[[@B72-sensors-20-00944]\]. Copyright 2018 American Chemical Society.](sensors-20-00944-g005){#sensors-20-00944-f005}

![(**a**) Different steps for growing chiral nanoparticle arrangements along a polymer nanotube (used as a seed). (**b**) and (**c**) schematic illustration and TEM image of the resulting chiral Au nanostructure, respectively. (**d**) CD spectra for D- and L-isomer structures. The absorbance spectra are also shown in the inset. Reproduced with permission from ref. \[[@B78-sensors-20-00944]\]. Copyright 2019 American Chemical Society.](sensors-20-00944-g006){#sensors-20-00944-f006}

![(**a**) Illustration of the deposition of a dielectric material (PbO${}_{2}$) via Pb${}^{2 +}$ oxidation under CPL stimulus. (**b**) Substrate CD before the dielectric material deposition (black line) and after deposition under RCP (blue line) and LCP (red line) lights. (**c**) Comparison of CD spectra of a left-handed nanocuboid with one and two PbO${}_{2}$. SEM images of a right-handed (**d**), a left-handed (**e**) and before deposition (**f**) nanocuboids. Reproduced with permission from ref. \[[@B80-sensors-20-00944]\]. Copyright 2018 American Chemical Society.](sensors-20-00944-g007){#sensors-20-00944-f007}

![(**a**) Form A of the slanted split-ring aperture (left) with the SEM image (right) and the CDT (circular dichroism in transmission) spectra for both forms (center). (**b**) Form B of the slanted split-ring aperture (left), the SEM image (right) and the reflection and absorption spectra for Form A under LCP and RCP incidence light (center). (**c**) A L-shaped aperture metasurface (left), the SEM image (right) and the CDT from experiments and simulation (center). (**d**) A rectangular aperture metasurface (left), SEM image (right) and the CDT spectra from experiments and simulations (center). Reproduced with permission from ref. \[[@B89-sensors-20-00944]\]. Copyright 2017 American Chemical Society.](sensors-20-00944-g008){#sensors-20-00944-f008}

![(**a**). Illustration of hybrid nanohelices array on a substrate and the polarization filter potential. (**b**) A single hybrid nanohelix, made by a uniform (UHM) and a tapered (THM) helices, with their own diameter (HD${}_{1}$ and HD${}_{2}$). Transmittance spectra of RCP (**c**) and LCP (**d**) of hybrid (HHM), inverted hybrid (IHHM) and the junction of THM and UHM helices. Reproduced with permission from ref. \[[@B93-sensors-20-00944]\]. Copyright 2016 American Chemical Society.](sensors-20-00944-g009){#sensors-20-00944-f009}

![(**a**) Illustrative representation of a hybrid CQDs-plasmonic-metasurface. The inset shows a SEM image of the plasmonic unit cell. (**b**) Photoluminescence spectrum of core-shell CQDs, schematically shown in the inset. For comparative purposes, (**c**) and (**d**) show the results for CDT spectra without and with CQDs. Reproduced with permission from ref. \[[@B94-sensors-20-00944]\]. Copyright 2019 John Wiley and Sons.](sensors-20-00944-g010){#sensors-20-00944-f010}

![(**a**) Pictorial view of an Au-sawtooth metasurface surrounded by glass for circular phase-dichroism measurements. (**b**) CDT spectra from N-shaped, И-shaped, V-shaped and Au film surfaces. (**c**)--(**e**) The corresponding SEM images of the Au-metasurfaces. Reproduced with permission from ref. \[[@B92-sensors-20-00944]\]. Copyright 2019 De Gruyter.](sensors-20-00944-g011){#sensors-20-00944-f011}

![(**a**) Enantiomeric multilayer nanoapertures (forms A and B) are depicted. The total Au film thickness is $H = 180$ nm. Top and bottom building layers have aperture thicknesses of $h1 = 80$ nm and $h2 = 100$ nm. Other geometrical parameters are taken as $p = 360$ nm, $r = 140$ nm, $b = 120$ nm, $\alpha = 60^{\circ}$, $g1 = 20$ nm, and $g2 = 40$ nm. Light is considered to be vertically impinging onto the top layer and transmitted out of the bottom layer. (**b**) and (**c**) are the sideview ($52^{\circ}$) and top view SEM images of the multilayer nanoapertures fabricated using the FIB milling method. The scale bar is 100 nm. (**d**) Experimental values of the transmission, CDT and CPR spectra of the nanoapertures in Form A for different incident/output handedness combinations. Reproduced with permission from ref. \[[@B59-sensors-20-00944]\]. Copyright 2018 Springer Nature.](sensors-20-00944-g012){#sensors-20-00944-f012}

![Chiral plasmonics for PoC devices integrated with IoT: Biosensing device working as a PoC device that collects samples, e.g., blood, treats them in the microfluidic system (blue way) to reach the plasmonic chamber. The chiral plasmonic structure with suitable functionalization will capture the enantiomer of interest. The optical response following the light incidence will be transduced into electrical pulses by the transductor (grey component in the circuit board), amplified in a three-stage amplification (brown components) and emitted to near or remote device as a radiofrequency (RF) signal (the antennas are the blue components).](sensors-20-00944-g013){#sensors-20-00944-f013}
